A high efficiency LED (Light Emitting Diode) driver based on Buck converter, which could operate under a wide AC input voltage range (85 V -265 V) and drive a series of high power LEDs, is presented in this paper. The operation principles, power loss factors of the LED driver in this study are analyzed and discussed in detail and some effective ways to improve efficiency are proposed through system design considerations. To verify the feasibility, a laboratory prototype is also designed and tested for an LED lamp which consists of 16 LUMILEDS LEDs in series. Experimental results show that a high efficiency of 92% at I o = 350 mA can be achieved and the studied driver might be practical for driving high power LEDs. In the last, the overall efficiency over 90% is gained through some experiments under variable input and output voltages and verifies the validity of the designed driver.
Introduction
Among the many artificial lighting sources, high power LED characterized by high luminous intensity, superior longevity, cost-effective and less environment impact, is one of the most competitive to replace the conventional incandescent lamp and fluorescent lamp and gradually becomes a commonly used solid-state lighting source in many lighting applications [1] [2] [3] . It has been extensively used in the offline lighting field, such as automotive illuminations, liquid crystal display (LCD) backlights and street lighting, where multiple strings of LED driving techniques are often needed. The increased popularity of high power LED has given a requirement for electronic engineers to propose a series of driving circuits with high efficiency and low-cost.
LED dimming control methods could be simply divided into two categories: analog dimming and pulse width modulation (PWM) dimming regulators [4] [5] [6] [7] . Analog dimming method is not a good candidate due to colour variation, even though it is simple and cost effective. To avoid colour variation and get accurate current control over full range, PWM dimming regulators in which the pulse current is kept constant.
To research the overall efficiency of LED lighting, a PWM dimming method, Buck converter is chosen in this paper as shown in Figure 1 , and the power dissipation factors are analyzed with all the particulars, then a detailed LED driver example with high power efficiency is designed and implemented. In addition to the integrated circuit(IC), the main components mainly includes a power MOS switch S, a Schottky diode D, an inductor L directly connected with the load LEDs and the current sampling resistor Rs. In fact, the major power dissipation of Buck converter is on these components. Next to make a detail analysis of them.
Operation Principle and Power Loss Analysis
During the time interval of state 1, the metal oxide semiconductor field effect transistor (MOS-FET) S is turned on, current flows through MOS switch S, input inductor L, storage capacitor C, the load LED strings and sampling resistor Rs. The power supply stores energy in the inductor L, the storage capacitor C and the free-wheeling diode D is off at the moment. During the time interval of state 2, the MOS switch S turns off. The LED strings power is provided by the storage capacitor C, and the energy stored in inductor L flows through the free-wheeling diode D simultaneously. Then the circuit proceeds back to stage 1 when the MOS switch S turns on again.
From the analysis it can be known that the power dissipation on the power switch S is described in following Equation (1):
where is conduction resistor of MOS switch,
I is the LED strings current and is the duty cycle of the power switch.
D
In fact, there is still some power dissipation in the MOS switch when it operates in high frequency. Especially when LED constant-current driving circuit is working in frequency more than 100 kHz, this power dissipation is quite substantial which can be expressed as follows [8] : (2), it is clear that the power dissipation is proportional to the switching frequency. Combining Equation (1) together with Equation (2), we can get the total power dissipation as described in Equation (3):
in order to decrease the total power dissipation, on one hand we should choose a MOS switch with a small conduction resistance, on the other hand the high-frequency characteristic of MOS switch should be taken into consideration if the driving circuit operates in a high frequency. Inductor L in the Buck converter which is connected directly to the load LED strings plays an important role of energy storage and transformation. As an LED constant current driver, the Buck converter usually operates in continuous current conduction mode (CCM) so that most of the system power dissipation is consumed on the inductor L. Similar to other switched-mode power supplies, the inductor power dissipation can be divided into two parts: iron loss and copper loss [9, 10] . Copper loss is determined by the output current and inductor DC resistance, and iron loss caused by eddy current is determined by the switching frequency. The total power consumption of the inductor can be expressed as follows:
where
is iron loss of the inductor.
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In the LED constant current driver circuit, using a large inductor can effectively reduce the ripple current flowing through the LED strings [11] . However, a problem arises that it would bring greater power loss due to a greater inductor DC resistance. Another method to decrease the ripple current is to parallel a large capacitor with the output LED strings [12, 13] . But large capacitance means slow frequency response which is not suitable in high precision control requirement occasion.
In the Buck converter, the function of the diode D is to provide a free-wheeling path for the inductor current when MOS switch turns off. Because of high working frequency, a reverse fast recovery Schottky diode has been chosen. When MOS switch is turned-on, the Schottky diode is reverse biased and there is no power dissipation. When the MOS switch is turned-off, the power consumption of free-wheeling diode can be derived by:
is the corresponding forward voltage drop when following through the LED current
It could be seen from the Equation (5) that the diode power dissipation is proportional to the forward voltage drop and decreases with the duty cycle increasing. As a matter of fact, the control chip has a limited output duty cycle which makes the diode a minimum power loss. Another way to reduce the power consumption is synchronous rectifier technique [14, 15] . The diode is replaced by a MOS switch with a low resistance, and the power loss is significantly decreased even if the LED output current is high. However, the synchronous rectification is bound to bring a complicated driving circuit, which needs a balance between performance and cost.
The last system efficiency factor is the driving chip and the sampling resistor Rs. With the development of LED driving IC, the chip commonly adopts a low comparison voltage about 200 mV, so the power consumption of the sampling resistor is not great.
System Design Considerations
In order to design an efficient LED constant-current driver, a certain process is given as follows about how to select components.
According to the LED constant driving current requirements, a suitable driving chip and a sampling resistor should be selected. Referring to the relevant LED materials of manufacturers, we can get the output voltage under rated current. As mentioned in Equation (6), the corresponding minimum input voltage can be chosen when the chip operating in the allowed maximum duty cycle.
If the chip has no built-in MOS switch, a external MOS switch is needed to choose. Generally speaking, the higher voltage endurance is, the worse the other corresponding characteristics is. Therefore, according to the working environment we should choose a suitable MOS switch with an appropriate voltage endurance and with the conduction resistance and the gate-source charge as an important choice standard. Next to find out the required inductance value calculated by the Equation (7) [16] :
where T is a cycle time of Buck converter, and i  is the allowed maximum ripple current. The inductor should have small DC induction resistance and meet with the frequency requirement. Then, decide whether to use an output capacitor according to the requirements of PWM dimming system and circuit volume. In the case of meeting the ripple current requirements, we should choose a small inductance due to small power consumption.
A suitable diode should be selected according to the reverse bias voltage endurance and its frequency response should be fast enough. Generally speaking, a Schottky diode with low forward voltage drop can be used in most situations blew 100 V. Otherwise, we should choose a fast diode with a high forward voltage drop and a high reverse bias voltage endurance.
Example Design and Experimental Results
In this section, an LED constant current driver with high after following through the rectifier bridge and the filtering capacitors. The system output voltage is 52
and the duty cycle is 0.17 calculated by Equation (6) . High switching frequency will reduce the size of the inductor L, but it will increase the circuit's switch dissipation. The oscillator frequency of SL221 is from 20 kHz to 150 kHz and we choice a typical constant switching frequency 40 kHz. The timing resistor should be 620 kΩ and connect to the ground referring to SL221 manual. During the MOSFET switch is on, the gate is charged by high-frequency current pulse. And in order to maintain stability of the internal power supply voltage, C3 a typical capacitance value 2.2 uF,16 V is recommended.
Next to choose the capacitance values of C1 and C2. In order to satisfy the stability requirements at constant switching frequency, the maximum LED string voltage must be less than the half of the minimum input voltage. The minimum input voltage is shown in Equation (8):
The capacitance value C1 should be calculated at the minimum AC input voltage, and the nominal voltage should be larger than the input peak voltage as shown in the following Equations (9) and (10): 
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From the mentioned above, we choose a electrolytic capacitor with 33 uF, 450 V. The stability of the electrolytic capacitor is good. However, it is not suitable for high frequency ripple current absorption which is generated by the Buck converter due to large ESR (Equivalent Series Resistance). So a metalized polypropylene capacitor in parallel with the electrolytic capacitor is used to absorb the high frequency ripple current. The high frequency capacitance 0.47 uF and withstanding voltage 400 V is determined by the following equation:
0.25 0.365 μF 0.05
Next to calculate the inductance value which is determined by the permissible ripple current and we assume that the existence of LED ripple current is allowed ±15% (total ripple is 30%). During the MOSFET is off, the inductor supplies energy to the LED string as shown in Equation (12):
where ,max is the ripple current, d is the off time described as follows:
From Equations (12) and (13), the inductance value can be represented as the following equation:
The standard inductance value 4.7 mH is selected which is larger than the calculated value, so the ripple current would be less than 30%. The DC resistance is 3.2 Ω and the inductor dissipation can be derived by the Equation (4).
MOSFET peak voltage is equal to the maximum input voltage and the safety margin is 50% described as follows:
The maximum RMS of MOSFET current depends on the maximum duty cycle, so the nominal current can be expressed as:
In order to get the minimum switching power dissipation, STD2NM60 with rated voltage 600 V and rated current 2 A is selected. Refer to its manual, the conduction resistance is 2.8 Ω,
, and 8 ns  
So we can choose the fast diode STTH1R06 with a forward voltage drop 1 V, rated voltage 600 V and rated current 1 A, and the switching power dissipation would be low due to the short reverse recovery time 25 ns.
The relationship between the output current and the sensing resistor can be expressed as: . Combining all the power loss, the theory total power loss is described as:
In order to verify the feasibility, a laboratory prototype is designed and tested as shown in Figure 3 
From the theory and experimental results, it can be seen that the theory power loss is almost equal with the measured power loss and the main power dissipation is on diode D, inductor L and IC due to high input voltage and the voltage error value between output and input. However, the power dissipation on the MOS switch is not large because of small duty cycle.
In order to confirm the LED driver's universal validity, a series of experiments under variable input and output voltages are tested, and the efficiencies are shown in Figure 4 . It is clear that the system efficiency is over the expected value 90%. 
Conclusions
LED constant current drive circuit efficiency is determined by several factors, and these factors are interrelated and influenced. To optimize and improve the efficiency of the driving system, the circuit performance and the appropriate components selections must be taken into consideration. In this paper, a high efficiency Buck LED driver with AC input voltage range from 85 V to 265 V, which could drive an LED lamp consists of 16 LUMILEDS LEDs, is designed and tested. The measured results on a laboratory prototype show a high efficiency of 92% at . Next, a series of experiments results under variable input and output voltages show that the efficiency is over 90% and reach the design requirements. 350 mA  o I 6. References
